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ABSTRACT 

We discuss the polarization properties and first-order diffraction efficiencies of volume phase holo- 
graphic (VPH) transmission gratings, which can be exploited to improve the throughput of modern 
spectrographs. The wavelength of peak efffciency can be tuned by adjustment of the incidence an- 
gle. We show that the variation of the Kogelnik efficiency versus Bragg angle depends only on one 
parameter, given by Ptuno = (An(i)/(n A), where: An is semi-amplitude of the refractive index mod- 
ulation; n is the average index; d is the thickness of the active layer; and A is the grating period. 
The efficiency has a well defined dependence on polarization. In particular, it is possible to obtain 
theoretical 100% diffraction efficiency with one linear polarization at any angle or to obtain 100% 
efficiency with unpolarized light at specific angles. In the latter case, high efficiency is the result of 
aligning the peaks of the s- and p-polarization efficiency-versus-thickness curves. The first of these 
's-p-phased gratings' for astronomy is in use with the 6dF spectrograph. Consideration of polariza- 
tion is particularly important for high spectral resolution, which requires large incidence angles. We 
also discuss the possibility of separating polarization states for improved throughput along the entire 
optical train of a spectrograph. 
Subject headings: instrumentation: spectrographs. 



L INTRODUCTION 

Astronomical spectrographs have under- 
gone a m ajor revolution during the past few 

decades jvan Brcugel & Bland-Hawthorn 2003 

Ive fc Moorwoodi i200a .2003; .Larar fc Mlvnczak .2002 
Atad-Ettedgui fc D'Odoricoll2003|) . The revolution has 
concentrated on the multiplex advantage in order to 
allow large numbers of objects or contiguous spatial 
elements to be observed simultaneously. This is possible 
because large detectors are now available, which can also 
lead to wide angle fields and/or wide spectral coverage. 

Even though modern spectrographs can achieve up 
to 40% throughput (optics+disperser-|-detector), instru- 
mental throughput remains a key issue for spectrograph 
design. Moreover, some fraction of the light lost along 
the optical train is received as stray light at the detector, 
and usually provides a major source of systematic error 
in the detected signal. 

Now that detectors are widely available with 90% 
quantum efficiency in the visible wavelength region, the 
remaining gains must come from more efficient designs 
of the optics and dispersing element or elements, which 
we discuss. We concentrate specifically on volume phase 
holographic (VPH) gratings used in transmission ijArnsI 
[1995.) . However, we note that similar consideration could 
apply to a much wider class of dispersing elements, e.g., 
reflection gratings, prisms. 

What has not been discussed widely is the advantages 
of the polarization properties of VPH gratings, in par- 
ticular, achieving the ideal of 100% throughput at any 
diffraction angle in one linear polarization. In addition, 
a theoretical diffraction efficiency of 100%, in both polar- 
izations, can be achieved at specific angles with partic- 
ular instrument configurations. An instrument that ex- 



ploits the advantages of VPH gratings can, in principle, 
greatly reduce systematic error in the detected signal. 

VPH gratings are already in use or are being brought 
into use in a number of spectrographs, including: 
LDSS-h-f and Taurus at the Anglo- Australian Telescope 
iClazebrook et al.ll998ll: O SIRIS at the Gran Telescopio 
Canarias ijCeoa et alJl200'0^: Goodman spectrograph at 
the SOAR Telescope l|Clemens. Edds. fc Seagrove^ 
I2000H: M2HES at the Magellan II Telescope 
ijBernstein et al.l 1200 2): FOR S at the Very Large 
Telescope (jMonnet. Dekker. fcR iipprccht 2002); FO- 

CAS at the Subaru Telescope llEbizuka et al 20031 : and 

LRS at the Hobby-Eberly Telescope l)Hill et al J 12003). 
The potential of VPH gratings for astronomical applica- 
tions ha s been investigated and discussed by Harden and 
others (Harden, ArnSj_^_Colburn|_lW98; Barden ct aU 
2000a.k .2002; .Barden. Camacho. fc Yarborough .2003 
Robertson et alJ 120001: "^afhsor^Rafhson. fc DicksonI 
20031 iTamura et all l2004|) . Here, we elucidate the 
physics of VPH gratings with emphasis on their po- 
larization and tuning properties, and we discuss how 
these properties might be exploited to improve the 
performance of spectrographs. In § 13 we describe the 
physics of VPH transmission gratings; in §21 we describe 
some applications taking advantage of the well-defined 
polarization properties; in § 01 we summarize; and in 
the Appendix, we give equations for calculating the 
resolving powers of transmission gratings immersed 
between prisms. 

2. VPH GRATING PHYSICS 

In a VPH transmission grating, light is diffracted as it 
passes through a thin layer (3-30 /xm) of, typically, 'di- 
chromated gelatin' (DCG) l|Sha,nkofiiri9M IMeverhof^ 
ll977tlRallisonll99^ in which the refractive index is mod- 
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ulated approximately sinusoidally. The modulations are 
produced by the interference of two large coUimated laser 
beams, and subsequent processing. These gratings offer 
a number of advantages over other gratings, including 
the following: 

1. Diffraction efficiencies can approach 100% near the 
design wavelength. 

2. The wavelength of peak efficiency can be tuned by 
adjustment of the incidence angle. 

3. The line density can be significantly higher (up 
to 6000 lines mm^^) than the maximum generally 
available for ruled gratings, which is about 1200 
lines mm^^. 

4. Transmission gratings allow shorter pupil relief be- 
tween the grating and both the collimator and cam- 
era, which can reduce the required camera aper- 
ture, increase the field of view and/or improve the 
point spread function (PSF). 

5. The grating is sandwiched between glass substrates 
providing a robust device, which can be easily 
cleaned and have anti-reflection (AR) coatings ap- 
plied. 

6. Large grating sizes are feasible. 

Further ad vantages and disadvantages are described by 
iBarden et" al. ( 2000a). In this paper, we also consider the 
ability to optimize the efficiency for a particular polar- 
ization state. 

2.1. Diffraction by a VPH grating 

Light passing through a VPH grating obeys the usual 
grating equation, given by 



mX . 

= Ag (sm ai 



- sin/3j) 



(1) 



where: m is an integer (the spectral order); A is the 
wavelength in vacuum; rii is the refractive index of the 
medium; A^ is the grating period, which is the projected 
separation between the fringes in the plane of the grating, 
equivalent to the groove spacing on a ruled grating; and 
ai is the angle of incidence and /3i is the angle of diffrac- 
tion from the grating normal (the sign convention is such 
that (3i = —Q-i means no diffraction, i.e., zeroth order). 
Note that the grating equation can apply to angles in 
the DCG layer [i = 2), in the glass substrates (i — 1) or 
in the air [i = 0) as long as the air-glass boundaries are 
parallel to the DCG layer (see the Appendix for the gen- 
eral case) . Figure ^ shows a diagram of a VPH grating 
with the appropriate angles and lengths defined. 

For the simplest VPH transmission grating, the plane 
of the fringes is perpendicular to the plane of the grating 
(we use the term 'unslanted fringes'). In this case, Ag is 
the same as the separation between the fringes A. For 
the general case, 

A„ = ^ (2) 
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Fig. 1. — Diagram of a VPH grating. The equally-spaced lines 
in the DCG layer represent the peaks of a modulated refractive 
index (n2 is the average value). Typically, n2 is in the range 1.2— 
1.5 depending on the DCG processing iRallison & Schickcr 1992), 
rii ~ 1.5 and no = 1. For unslanted fringes, (/> = 0°, A = Ag and 
"26 = 02- 



2.2. The Bragg condition 

In a VPH grating, high diffraction efficiency can occur 
when the light is effectively 'reflected' from the plane of 
the fringes, i.e., 

P2 + 4> ^ a2- 4> (3) 

where a2 is the angle of incidence and (32 is the angle 
of diffraction from the grating normal in the DCG layer. 
The phenomenon is analogous to Bragg 'reflection' of 
X-rays from the atomic layers within a crystal lattice. 
In both cases the thickness of the medium being ^ A 
can result in constructive interference of scattered radia- 
tion in that direction. The essential role of the non-zero 
thickness of the DCG layer is responsible for the term 
'volume' in VPH gratings. This 'reflection' combined 
with the grating equation gives the well known 'Bragg 
condition', which can be written as 



mA . 

— 2 A sinQ;2fc 

^^2 



(4) 



where n2 is the refractive index of the DCG layer and 
a2b is the angle of incidence with respect to the plane 
of the fringes, i.e., a2b = 0:2 — 4>- Under this condi- 
tion, 0:26 is called the Bragg angle. Light nearly obeying 
this condition is still diffracted according to the grating 
equation (Eqn. ^ but usually with lower efficiency. At 
wavelengths or angles sufficiently outside the Bragg con- 
dition, light passes through the grating without being 
diffracted. The Bragg angle is an important parameter 
for diffraction by VPH gratings. It directly affects effi- 
ciency and bandwidth (^^ I2.3hl23|l and indirectly affects 
resolving power (Appendix). 

We note that unslanted fringes may be preferred 
because, with slanted fringes, the tilt may change 
or the fringes may cur ve during DCG processing 
ijRalfison fc Schickerll992D . For unslanted fringes (</> = 0, 
Ui sin ai), the Bragg condition can 



A = Ag, 712 sma26 
also be written as 



where is the 'slant' angle between the grating normal 
and the plane of the fringes. 



toA 



2Ag sin ai 



(5) 
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This defines the Bragg wavelength for a given order of 
difi^raction m, and corresponds to Littrow diffraction be- 
cause I3i = ai. 

2.3. First-order diffraction efficiencies 



The Bragg condition is not the only condition for high 
efficiency. The diffraction efficiency depends on the semi- 
amplitude of the refractive-index modulation (An2) and 
the grating thick ness (d) in addition to the incidence and 
diffracted angles. iKogelniM |1969() determined first-order 
diffraction efficiencies at the Bragg condition, using an 
approximation that is accurate (to within 1%) when 



A2 



P - 



> Plimit 



where pumit ~ 10. Substituting A 
(Eqn.^with m = 1) and rearranging gives 



smQ;26 > 



Plimit An2 



(6) 

2n2 A sina26 
(7) 



4 n2 

Thus, for a given refractive-index modulation, Kogelnik's 
theory is accurate for Bragg angles above a certain value. 
For unpolarized light, the Kogelnik efficiency is given by 

TT Art2 d 



V 



1 . 2 


TT An2 d 


1.2" 


- sm 


A cosa26 


+ -sm^ 


2 





A C0SQ!26 



cos(2a26) 



(8) 

where the first term is for s-polarized light (the electric 
vector is perpendicular to the fringes) and the second 
term is for p-polarized light (the electric vector is parallel 
to the fringes).^ 

Figure |21 shows the variation of efficiency versus 
grating thickness for two different Bragg angles (with 
fixed An2 — 0.07 and A = 0.6 /im). The efficien- 
cies were determined using GSOLVER™,2 which pro- 
vides a numerical calculation using rigorous coupled- 
wave analysis (RCWA) p/ lagnusson & Gavlord 1978; 
i Moharam &: GavlordI irQSlTllQSa: .Gavlord fc Moharam 
I1985D . In these cases, the numerical results are in ex- 
cellent agreement with Kogelnik's theory (Eqn. |SJ) be- 
cause Eqn. El is satisfied. Note that no surface losses 
were included. In the upper plot, the first peaks of the 
s- and p-polarizations are close together and a diffrac- 
tion efficiency of about 90% in unpolarized light can be 
achieved (with a thickness of 5/im). In the lower plot, 
the 35.3° Bragg angle is a special case where the second 
peak of s-polarization matches the first peak of the p- 
polarization and near 100% efficiency can be achieved 
(with a thickness of about 10 /xm). This special 's- 
p-phased grating', also called a 'Dickson grating', was 
noted by Dickson, Rallison, & Yung (1994). 

^ Note that in some papers the equation for p-polarization effi- 
ciency is incorrectly quoted. The additional coupling parameter, 
the cosine of the sum of the two angles [cos(2a2b) in this paper], 
should be placed within the sin^ brackets. This can make a sig- 
nificant difference. If the coupling parameter is placed outside the 
brackets, it implies that the efficiency in p-polarization is always 
less than in s-polarization whereas Eqn. |H| does not. Instead, the 
thickness of the grating must be larger to produce the same effi- 
ciency in p-polarization. This is demonstrated in Fig.|2]and is con- 
firmed by coupled-wave analysis. Note also that we only consider 
first-order diffraction in this paper because VPH gratings generally 
have significantly lower efficiencies in higher orders. 

^ GSOLVER Version 4.0, A diffraction grating analysis tool 
(P.O. Box 353, Allen, TX 7501 3: Grating Solver Development 
Company), available at |http : //ww w . gsolver . com/ . 
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Fig. 2. — Variation of diffraction efficiency versus grating thick- 
ness for two different Bragg angles. The solid lines represent the 
efficiency of unpolarized light while the dashed and dotted lines 
represent the s- and p-polarization states, respectively. Note that, 
in the lower plot, the s- and p-states are in phase with a thick- 
ness of about 10 /.tm. This special case represents an example of an 
s-p-phased grating design. 



If we consider only the s-polarization curve in the up- 
per plot of Fig. El (dashed line) , notice that theoretical 
100% efficiency occurs with a thickness of 4 ^m. If the 
thickness is doubled to 8 /im, the efficiency falls to zero. 
This is not surprising, since if it took 4 /im of refractive- 
index- modulated medium to coherently diffract the light, 
then twice as much medium causes destructive inter- 
ference in the first-order diffraction direction (and in- 
stead the light will pass through without diffraction) . At 
12 /xm, the s-polarized light is returned to 100% diffrac- 
tion efficiency, p-polarized light is characterized by a 
reduced coupling with the medium, which means that 
larger thicknesses are required to coherently diffract the 
light depending on the Bragg angle [the cos(2a2b) factor 
in Eqn.ig. 

The differences in efficiency between the two polariza- 
tion stat es can be used to produce polar iz ation-selective 
devices (iKostuk. Kato. k, Huand 119901: iDickson et alJ 
IT99llHm^g|ll994r . In addition, the polarization prop- 
erties can be used to determine th e average refractive 
index of the DCG after p rocessing i fRallison fc Schickeil 
119921 IDickson et alJlT99|) . With this technique, mea- 
surements of the average index of highly processed DCG 
(An2 > 0.1) give low values of n2 ~ 1.25.'^ Unprocessed 

Low values of the average refractive index, 712 , imply that voids 
are formed in the DCG layer during processing j^urran & Shanko^ 
119701 lMeverhofeill977l) . The exact mechanism is uncertain and the 
lowest achievable index depends on the processing technique. In 
addition, the index derived using the polarization properties, and 
assuming Kogelnik's theory, may be lower than the 'true index' 
if birefringence is induced in the material liThollill995.'l . However, 
for VPH design purposes, it is in any case more appropriate to 
use the 'Kogelnik index', which can be regarded as the effective 
index, determined by Rallison and others, that is needed to satisfy 
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DCG has an index of 1.54. The average index is im- 
portant since it determines the air angles (ao) for the 
special angle gratings, for example, the 35° Bragg-angle 
g-jp-ph ased grating utilizes incidence angles of 46° to 48° 
in air (IT^allison et a].ll2nf)l. 

2.4. Tuning a VPH grating 

A VPH grating can be tuned by changing the inci- 
dence angle, which changes the Bragg condition, to op- 
timize the diffraction efficiency for a desired wavelength. 
For example, consider a VPH grating with 1315 lines 
mm~^ (A = 0.76 /im, n2 — 1.5), at a2b = 16°, the first- 
order Bragg condition gives A = 0.63 /Ltm whereas, at 
a2b = 20°, the Bragg condition gives A = 0.78 /im. The 
Bragg wavelength is generally close to but not necessar- 
ily the same as the blaze wavelength, which refers to the 
wavelength of peak efhciency for a given incidence angle. 
Note that the blaze wavelength does not depend strongly 
on the shape of the index modulations, which are pre- 
sumed to be sinusoidal in the models. To detect the blaze 
wavelength, it may be necessary to change the grating- 
to-c amera angle as w ell as the coUimator-to-grating angle 
fsee lBernstein et al .' 2002 for an alternative approach us- 
ing a pair of mirrors) . A VPH grating works best at one 
incidence angle and one wavelength (the maximal-peak), 
and even though the blaze wavelength can be changed by 
varying the tilt, the peak efficiency is reduced away from 
the maximal-peak. The maximal-peak is determined by 
the grating thickness and the refractive-index modula- 
tion, as well as the grating period and spectral order 

(§E3. 

To illuminate how the Bragg-condition diffraction ef- 
ficiency varies, we can rearrange the equation for the 
Kogelnik efficiency in the following way. Substituting for 
A (from Eqn. ^ in Eqn. |S1 (and using a trigonometric 
identity: 2 sin a cos a = sin 2a), we derive 



1 . 2 

11 = — sm 
' 2 



where 



ttR,, 



sin(2a26) 



1 . 2 

- sm 
2 



sin(2a2fc) 



COs(2Q!2b) 



An2 d 

712 A 



(9) 
(10) 



Thus, this 'tuning parameter', which depends only on 
the properties of the DCG layer, determines how the ef- 
ficiency of a VPH grating varies with Bragg angle. In 
other words, all gratings with the same value of Ptunc 
have the same tunability and the same peak efficiency 
(subject to Eqn.O; while ^2 A sets the relationship be- 
tween A and a2b and An2 and d can be adjusted, 
within a certain range, to set the bandwidth \'2.b\ . 

Figure 13 shows the variation of diffraction efficiency 
versus Bragg angle, with unpolarized light, for: (i) fixed 
gratings, with various values of Ptune, determined us- 
ing Kogelnik's theory (represented by the lines) ; and (ii) 
maximum designable efficiencies, with fixed wavelength 
and DCG modulation, determined using RCWA (repre- 
sented by the symbols). The asterisks represent standard 
grating designs while the squares and triangles represent 

the polarization properties of Kogelnik's theory. Note also that 
d and An2 in the equations of this paper should be regarded as 
representing the effective thickness and effective index modulation. 
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Fig. 3. — First-order diffraction efficiencies versus Bragg angle 
with unpolarized incident light. The lines represent efficiencies at 
the Bragg condition determined using Kogelnik's theory for seven 
gratings with Ptunc values of 0.1-0.5 , f. 4 and 2.5 (fixed intrinsic 
grating parameters; see Egns. 1^ and llOt . The symbols represent 
maximum designable efficiencies determined using RCWA (vary- 
ing d, A; fixed A = 0.6/im, An2 = 0.07, n2 = 1.5). The asterisks 
represent standard gratings, where the optimum thickness with un- 
polarized light is near the first peak of the s-polarization curve (cf. 
upper plot of Fig. 121 Ptunc ^ 0.5). The squares and triangles repre- 
sent s-p-phascd gratings, where the thicknesses are near the second 
peak and third peak, respectively, of the s-polarization curve (cf. 
lower plot of Fig. |^ Ptuno ~ 1-4; Ptuno ~ 2.45). The efficiencies 
from the RCWA calculations drop at low angles because Kogel- 
nik's approximation is no longer accurate below about 20°, with 
An2/n2 ~ 0.05 I* Eon. 171. Note that the grating period, wavelength 
and Bragg angle are related by Eqn. El 



s-p-phased grating designs. These efficiencies were deter- 
mined, using RCWA, by varying d with fixed An2-'* 

At angles below about 15°, the efficiencies determined 
using RCWA fall below that of the maximum efficiencies 
of curves with Ptune-values of 0.1-0.2. This is because 
Kogelnik's approximation is no longer accurate below 
about 20°, with l^n^ln^ ~ 0.05 (Eqn.[7J). Low-angle cfli- 
ciency can be increased by lowering Ari2 (and raising d) . 
At angles between 15° and 30°, the maximum efficien- 
cies of curves with Ptune-values of 0.3-0.5 closely follow 
the asterisks showing that Kogelnik's theory agrees with 
the RCWA calculations. This agreement also applies to 
higher angles. Around the angles of 35° and 55°, the 
designs can make use of special s-p-phased gratings that 
have Ptuno-values of 1.3-1.5 (squares). Around the angles 
of 39° and 51°, the designs can make use of s-p-phased 
gratings that have Ptune-values of 2.4-2.5 (triangles). 
Note that at 45°, a maximum efficiency of only 50% can 
be achieved because of the loss of p-polarization (Eqn.|HJ. 
To utilize higher Bragg angles, very high air-to-glass in- 
cidence angles are required (> 60° with 712 « 1.25) or 

* The optimization excluded thicknesses significantly beyond the 
first peak of the p-polarization curve. With arbitrarily large thick- 
nesses, it is theoretically possible to obtain 100% diffraction effi- 
ciency at any angle (except 45°) with unpolarized light using s-p- 
phased gratings, e.g., matching the third peak of the s-curve with 
the second peak of the p-curve. We do not consider these other 
s-p-phased gratings because increasing the thick ness has the dis- 
advantage of reducing the efficiency bandwidth (? l2.5i . 
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Fig. 4. — Tuning a VPH grating. First-order diffraction ef- 
ficiencies versus wavelength are shown for three different inci- 
dence angles. The efficiencies were determined using RCWA with 
An2 = 0.07, n2 = 1.5, unslanted fringes and unpolarized light. 
The Bragg angles are shown at the Bragg wavelengths, which are 
marked by short vertical lines. Note that the blaze wavelength (the 
peak of each efficiency curve) is slightly different from the Bragg 
wavelength for the low and high incidence angles. 



prisms need to be attached to the grating. 

The lines in Fig.|2|represent efficiencies derived by 'tun- 
ing' various gratings that are optimized for unpolarized 
light at a particular angle. At angles between 25° and 
32°, it is still possible to obtain high efficiency (> 90%) 
but with only one linear polarization state. Note that the 
ability of a VPH grating to be tuned in blaze wavelength, 
through changing the grating tilt, also results in multi- 
slit spectrographs using VPH gratings exhibiting a shift 
of the blaze wavelength for objects that are off-axis in 
the spectral direction (Ro bertson et alJl200flt) . Figure^ 
shows diffraction efficiency versus wavelength for a VPH 
grating with 1315 lines mm~^, tuned to three different 
blaze wavelengths. As the grating tilt is changed, the 
peak efficiency drops slightly as the blaze wavelength is 
moved away from the maximal-peak. 

2.5. Bandwidth of efficiency versus wavelength 

How does the efficiency decrease away from the Bragg 
wavelength? Kogelnik determined an approximate for- 
mula for the full width at half maximum (FWHM) of 
the efficiency bandwidth (AAos) in first order, which is 
given by 

AAcff A 

— -cotazb. (11) 

A a 

We can see immediately that for a given resolution and 
wavelength (Bragg angle a2b and grating period A fixed) , 
increasing the thickness decreases the bandwidth. Fig- 
ure |S1 shows efficiency versus wavelength for four differ- 
ent thicknesses. The efficiencies were determined using 
RCWA. 

To maximize the bandwidth, An2 should be as large 
as possible as long as the gratings can be manufactured 
sufficiently thin (remembering that An2 d determines the 
maximal-peak). However, the efficiency decreases signif- 
icantly if An2 is increased such that p becomes much 
less than 10 (Eqn. |HJ|. The lost p ower from first orde r 
diffraction is approximately l/p^ ijRallison et alJl2003j) . 



Fig. 5. — Variation of the diffraction efficiency versus wave- 
length for four different grating thicknesses. The efficiencies were 
determined using RCWA. All the gratings have 1710 lines mm~^ 
unslanted fringes with light incident at a2b = 20° (the first-order 
Bragg angle for A = 0.6 /xm and A = 0.585 /jm). An2 is 0.02, 0.04, 
0.07 and 0.10 for each grating, from the thickest to the thinnest, 
respectively. 
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Fig. 6. — Theoretical transmission efficiency at an air-glass 
boundary. The solid line represents unpolarized light while the 
dashed and dotted lines represent the s- and p-polarization states. 
The advantage of p-polarization for high-resolution spectrographs 
is apparent. The formulae and derivations fo r these curves can be 
found in optics textbooks, e.g.. IHechtl 119741) . 



Therefore, to maximize the average efficiency across a 
desired wavelength range, there may be a trade off be- 
tween maximizing the bandwidth and maximizing the 
peak efficiency. For Bragg angles greater than 20°, this 
is generally not an issue because the upper limit on An2 
is set by the manufacturing process. Values of A7T.2 of up 
to 0. 10-0.15 can be achieved using DCG (|Dickson et alJ 

2.6. Other issues 

So far we have dealt mainly with theoretical results ei- 
ther from Kogelnik's equations or from RCWA numerical 
calculations. A number of other points, that could also 
affect efficiency, are described briefly below. 

1. Transmission losses. The main losses will generally 
be from the air-glass boundaries. Figure |^ shows 
transmission efficiency versus incidence angle at a 
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boundary. With no = 1, ni ~ 1.5 and no AR coat- 
ings, the combined losses will be about 8-10% for 
incidence angles (ao) from 0-45° with unpolarized 
light. These can be reduced with AR coatings ap- 
plied to both surfaces. For wavelengths between 
0.4 /zm and 2 /xm, the transmittance of a thin layer 
(5 iiu i) of DCG is very h igh and losses are insignifi- 
cant ijBarden et al.ll99 8). Between 0.3 and 0.4 /im, 
losses could be a few percent. 

2. The refractive index of the DCG layer. The average 
index (712) and the semi-amplitude of the modula- 
tions (An2) will not be exactly constant. A small 
variation with wavelength is not expected to have 
a significant impact on the performance of a VPH 
grating. Of possible importance is a variation of 
the index modulation as function of depth or posi- 
tion across the surface. In the first reduc- 
tion with depth means that the effective thickness 
is less than the thickness of the DCG layer, and in 
the second case, the diffraction efficiency will vary 
with position unless there is a high degree of uni- 
formity in_th£2ase£_teajiisthat produce the modu- 
lation l|Rallison et al.ll2003j) . An additional issue 
concerning the difference between non-sinusoidal 
and sinus oidal refractiv e -index modulations is dis- 
cussed bv lBarden et alJ l)2000a(l . This can improve 
diffraction efficiency in second and higher orders. 

3. Defects and errors in manufacturing. Defects could 
include deviations from parallelism between fringes 
and other non-uniformities across the grating. Er- 
rors are deviations of VPH specifications from 
those requested. This may not be important since 
the grating can be tuned to the required wavelength 
even if the maximal-peak d id not meet specifica- 
tions re.g.. lGlazeb7oo5lT99l . 

See lBarden et al.l l)2000a|) for the performance evaluation 
of three VPH gratings for astronomical spectrographs. 

3. EXAMPLE CASES AND DISCUSSION 
3.1. s-p-phased gratings 

In most spectrographs, the polarization states are not 
separated and therefore the efficiency with unpolarized 
light is important. For low resolution spectrographs 
{ct2b ^ 20°), the theoretical diffraction efficiency can be 
above 95% with standard VPH gratings. At higher res- 
olution, the efficiency of standard gratings can be signif- 
icantly lower. Instead, s-p-phased gratings can be used 
to obtain higher efficiency at specific angles fSS I2.3KlT^ . 

The first s-p-phased (Dickson) grating for astron- 
omy was manufactured by Ralcon^ for the 6dF multi- 
object spectrograph at the UK Schmidt Telescope 
ifSa undcrs et al. 20^. It was specially designed to ob- 
serve the Calcium triplet around 0.85 /xm with a resolv- 
ing power of about 8000 (first order, 1700 lines mm~^). 
The central wavelength is diffracted with a total beam 
deviation in air of 94°, which makes use of the 35° spe- 
cial Bragg angle. The theoretical diffraction efficiency 
is above 95% in the range 0.835-0.865 /im and the per- 
formance is near to that. In addition, the camera and 

5 Ralcon Development La b., P.O. Box 142, Paradise, Utah 84328 
pLttp: //www.xmission. com/^ralcon/j, founded by R. D. Rallison. 




Fig. 7. — The 6dF bench-mounted spectrograph witli the 1700 
hnes mm~^ s-p-phased grating in place. There is a 90-100° beam 
deviation between the last element of the collimator (left) and the 
camera (right). 



collimator are close to the grating. Figure shows the 
6dF spectrograph in this configuration. This has signif- 
icantly improved the PSF at the detector in comparison 
with using refiection gratings that have similar resolving 
powers (W. Saunders 2003, private communication). 

If we wish to go to higher spectral resolution but are 
limited to a certain maximum deviation between colli- 
mator and camera beams, then prisms can be attached 
(Figs.|Slini Appendix). For example, a grating with 2400 
lines mm^^ and 20° prisms (n2 = 1-25, An2 d = 0.73, 
ni = 1.5) that operates at A = 0.85 /im with a 111° to- 
tal beam deviation in air (ao = 35.5°, ai = 43°) can 
make use of the 55° special Bragg angle for high effi- 
ciency (Ptunc=l-4). This type of grating is challenging 
to produce because of the difficulty in testing the effi- 
ciency prior to attaching prisms (consider total internal 
reflection) but if high resolution and high efficiency are 
important over a narrow wavelength range then it could 
be useful. Testing is needed to determine the laser expo- 
sure levels for the DCG. One solution would be to design 
the grating to work at the 35° Bragg angle, which has the 
same Ptuno value. This would require testing at a wave- 
length related by 0.708 [= sin(35.3)/ sin(54.7)] times the 
design wavelength, subject to variations in 712 and An2 
with wavelength fEans.Bland llO|l . Note that in order for 
such gratings to reduce systematic noise in the detected 
signal, it may be necessary to use a filter to block scat- 
tered light from outside the desired wavelength range. 

3.2. Separating polarization states in a spectrograph 

If we could envisage an ideal spectrograph, what prop- 
erties would it have? The primary problems are scattered 
light at refractive index boundaries, and the difficulties 
of dispersing s- and p-polarization states without com- 
promise of one or the other. We note that both of these 
problems arise from the geometry of the wave front with 
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Total beam deviation (degrees) 

Fig. 8. — Resolving powers of VPH transmission gratings versus 
total beam deviation. The top line represents a grating immersed 
between two 40° prisms (with ni = 1.5), the dashed line between 
two 20° prisms and the lower line represents a grating with no 
prisms attached. The crosses are set at 10° intervals in Bragg angle 
(with 712 = 1.3). The resolving powers are normalized to unity for 
the zero deviation 40° prism model. See Fig.|5]for the prism model 
and the Appendix for the calculation of resolving power. Note that 
the dispersion caused by differential refraction is not included. 




Fig. 9. — Diagram of a prism model for an immersed transmis- 
sion grating. The dependence of the spectral resolving power on 
the angles and indexes is given in the Appendix. In Littrow con- 
figuration, with both prism angles equal to 7, the resolving power 
is approximately proportional to Jii tancti cos(q!i — 7)/ cosciq. 



respect to the optical element /grating. 

A substantial increase in efRciency, perhaps approach- 
ing the ideal, could be achieved by allowing the two po- 
larization states to be handled separately in a spectro- 
graph. One approach would be to sepa rate the two po - 
larizations at a polarizing beam splitter l)G!oodrichll99lD . 
They would then propagate along separate paths where 
all the optics would be oriented to minimize light loss 
for that polarization. In particular, a VPH grating can 
be optimized for almost any angle to obtain near 100% 
efficiency at blaze wavelength in one polarization. An 
alternative to the use of a beam splitter would be to use 
a VPH grating itself. The coUimated beam would en- 
counter a VPH grating in the normal way, with diffracted 
light going to a camera. But the grating would be de- 



signed so that first-order diffraction was optimized for 
a single linear polarization while zeroth order was op- 
timized for the other polarization.^ The undiffracted 
transmitted beam could then go on to a second VPH 
grating optimized for the other polarization, feeding into 
a second camera. Whatever method is used to separate 
the polarizations, note that it is not necessary to achieve 
complete separation, and hence the requirement for the 
polarizing element is less demanding than for a polarime- 
ter. This is because the only effect of mixing in a small 
amount of light with the 'wrong' polarization is that it 
will be less efficiently processed downstream. But it will 
still make some positive contribution to the signal, and 
the decrease in efficiency will be a second-order effect. 

The cases where separate polarizations would most im- 
prove efRciency is with high spectral resolution. Large 
beam deviations, and large air-to-glass incidence angles, 
are needed to obtain the highest resolutions (Fig. |HJ. 
At these large angles, the boundary-transmission effi- 
ciency of s-polarization is low but the efficiency in p- 
polarization remains high (Fig. EI- For example, one 
could design a grating that operates with light inci- 
dent near Brewster's angle on the air-glass boundary 
and with the DCG layer optimized for p-polarization 
efficiency. This would provide a high-resolution grat- 
ing with near 100% efficiency in one linear polariza- 
tion. Naturally, polarimetry measurements could also 
take advantage of these one polarization optimized grat- 
ings. Note also that separating polarization states 
could be used to optimize efficiency for reflection grat- 
ing spectrographs (Lee & AUington-Smith 2000) and 
for bac kground-limited observing during bright Moon 
phases (jBaldrv fc Bland-Hawthornll200L) . 

We are moving toward precision measurements in 
many areas of astrophysics. The major limitation con- 
tinues to be systematic sources of noise. In order to com- 
bat this, many experiments are cast as differential mea- 
surements, e.g., alternating observations of source and 
background, in order to beat down the systematic er- 
rors. This is a highly effective strategy for dealing with 
external noise sources and some internal sources (e.g., ap- 
paratus instability). However, there are internal sources 
of noise, which continue to haunt most spectrographs 
today, in particular, scattered light. This 'ghost light' 
is not usually suppressed in differential experiments be- 
cause it depends on the distribution of light sources over 
the field of view. Even with mitigation strategies based 
on light baffles and optimized AR coatings, there is al- 
ways residual stray light, not least from the optical/IR 
detector because of its large refractive index compared to 
a vacuum. But this situation is slowly improving as de- 
tectors and matched coatings approach their theoretical 
maximum. 

The only way to guard against stray light is to con- 
sider the role of every element in the optical train very 
carefully and to orient the optical elements accordingly, 
particularly the choice of AR coating, and orientation of 
the interface to the incoming wave front. This is easier 
to do if the wavefront has been divided into its s- and 

^ At certain Bragg angles, it is theoretically possible to achieve 
100% diffraction efficiency in one linear polarization (s or p), with 
0% d iffraction efficiency in the other I Dickson ct al. 1994; Huan3 
119941) . This is analogous to the special angles for s-p-phased grat- 
ings. 
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p-states and each polarization is considered separately. 
One only has to consider the AR coatings in each of two 
arms, one for s- and the other for p-states, which can be 
optimized for throughput. This is not true for a skew ray 
in natural light, which would require a bircfringent coat- 
ing in order to optimize throughput in both polarization 
states. 

4. SUMMARY 

VPH gratings are used in an increasing number of spec- 
trographs because of their high diffraction efficiency. In 
this paper, we have outlined the basic physics necessary 
to design VPH gratings. In particular: we have defined 
a parameter, Ptune, that determines how the efficiency of 
a grating varies with Bragg angle; we have described the 
possibility of creating s-p-phased gratings that can have 
100% efficiency with unpolarized light at specific angles; 
and we have discussed the importance of considering the 
separate polarization states. The main points concerning 
tuning and efficiency are given below. 

1. The grating period (A) and the average refractive 
index of the DCG layer (77.2) determine the wave- 
length as a function of Bragg angle (Eqn. 0] with 
m = 1). 

2. The parameter Ptunc of a grating (Eqn. Ell deter- 
mines how the efficiency varies with Bragg angle 
(Eqn. I^J . Standard grating designs have Ptuno ^ 
0.5 (Fig.EJ. 

3. s-p-phased gratings can be created by aligning the 
peaks of the s- and p-efficiency curves versus DCG 
thickness at particular Bragg angles (Fig. I^J. For 
example, a grating with Ptunc ~ 1.4 has high effi- 
ciency with unpolarized light at a Bragg angle of 



35°. Here, the second peak of the s-curve is aligned 
with the first peak of the p-curve. 



4. Bragg-condition diffraction efficiencies are lower 
than predicted by Eqn. |H1 or if Kogelnik's con- 
dition is not satisfied (Eqn. Elord). However, the 
efficiency can still be above 90% as long as p > 3 
(the lost power is approximately l/p^)- 



5. The FWHM of the efficiency curve is approxi- 
mately inversely proportional to the thickness of 
the grating (Eqn. Fig. . Therefore, it is gen- 
erally optimal to have the thinnest possible DCG 
layer subject to manufacturing limitations and lost 
power from first-order diffraction. 

We have shown how VPH gratings can be manufac- 
tured and exploited to ensure higher transmission and 
better suppression of stray light. This will necessar- 
ily force instrument designers into a smaller parameter 
space, but we feel that there is sufficient freedom within 
that space to account for most design issues. In any 
event, we deem these considerations to be paramount if 
systematic sources of noise are ever to be effectively re- 
moved from the apparatus. 
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APPENDIX 

RESOLVING POWERS OF IMMERSED TRANSMISSION GRATINGS 

VPH gratings can be sandwiched between glass prisms. This reduces the total beam deviation and reduces the 
air-to-glass incidence angle (ao), for a given grating and wavelength. This can be useful because the total beam 
deviation is limited by the physical sizes of the camera and collimator and because higher incidence angles on air-glass 
boundaries give higher reflection losses (for unpolarized light). Here, we give the equations for calculating the resolving 
power of a transmission grating immersed between two prisms. 

Figure 1^1 shows the prism model that we are using with the appropriate angles defined. Light passing through the 
prism and the immersed grating, with a total beam deviation of ao -t- /3o + 7a + 76, obeys the following equations: 



ni sin(Q;i — 7a) = ng sinao 

smpi = -; smofi 



AgUl 

no sinPo = "1 sin(/3i - 7^) 



The resolution can be determined by solving 



Poiao, A + A A) = /3o(ao - Aa, A) 



(Al) 
(A2) 
(A3) 

(A4) 



Here, the output angle is regarded as a function of the input angle and the wavelength. This expression represents the 
condition that incrementing the wavelength by AA shifts the output image by the same amount as does the change in 
the incidence angle across the slit width. Aa is the angular size of the slit in the coUimated beam and is given by 



Aa = 



tcl 



coU 



(A5) 



where 9s is the angular size of the slit on the sky, and /toi and /coii are the effective focal lengths of the tel esco pe and 
collimator. If ni and uq are independent of wavelength (i.e., ignoring differential refraction), then Eon. IX4l can be 
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solved analytically to give a resolving power of 



A /coll ni cos(ai-7a) / sin/3i , 

— ' tanai H I . (A6) 



AA Osftci no cos(ao) V cosai 
Note that, with 7a = 7b = 0, this reduces to the well known equation for the resolution of an uninimersed grating: 

A /coll f. , sin/3o\ 

tanao H . (Ay) 



A A Osftci V cosao 

To include the dispersive effects of glass {ni varying with A), Eqn. IA4I can be solved numerically. Differential 
refraction marginally increases the resolving power for typical VPH grism designs. 

In Littrow configuration, ja — 76 (= 7) and ai — f3i, with a total beam deviation of 2q:o + 27, the resolving power 
(no and rii constant) is given by 

A /coll ni cos(qi - 7) o ^ ..o^ 

— — — 2tanai. (A8) 

AA tisftcx no cos(q;o) 

The usefulness of Littrow configuration is three fold: (i) VPH unslanted fringes can be used (slanted fringes may 
curve during DCG processing); (ii) the beam size remains about the same, which keeps the camera optics smaller 
and simpler; and (iii) the angular size of the slit remains nearly the same. With unslanted fringes, the important 
Bragg angle is given by 712 sin 0:26 — ni sinai. Figure |S1 shows resolving powers at Littrow versus total beam deviation 
with the Bragg angle annotated. Note that for a given grating (fixed diffraction order, wavelength and lines mm"-'^), 
prisms typically reduce resolving power, but for a given total beam deviation, prisms typically increase resolving power 
|Wvnne..l991; .Lee fc Allington-Smith.2000^) . 
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